explain why conservation of energy did not gain acceptance until 150 years after it had been stated as a general law by Leibniz. In attempting to shed some light on these questions I have chosen to discuss the work of d'Alembert, 'sGravesande, and Boscovich and have attempted to discover the obstacles to their understanding of the problems involved.
In his Traite' de dynamique, d'Alembert stated that the force of colliding bodies should be measured proportional to the simple velocity when they are in " equilibrium " -that is, when their momenta are equal in magnitude and opposite in direction -since it seemed intuitively clear to him that the two bodies have the same " force of motion" in this case. If the collision were inelastic, each body in motion would completely destroy the motion of the other. On the other hand " everyone agrees that in retarded motion, the number of obstacles overcome is as the square of the velocity." 4 This statement seems strange to us. It is particularly difficult to understand what d'Alembert meant by " the number of obstacles overcome." The phrase is somewhat clarified if one looks back through the history of the vis viva controversy. As an example of the number of obstacles overcome, d'Alembert suggested the number of similar springs that might be closed by an object in motion colliding with them one after the other or all at once. This probably refers to Bernoulli's thought experiments in his Discours sur les loix de la communication du mouvement (1724) 5 where Bernoulli showed that the number of springs compressed by a moving ball is proportional to the square of its velocity. Nevertheless, we must admit that "the number of obstacles overcome " is a very ambiguous measure of " forces" and does not carry the explanation beyond that already given by Bernoulli.
D'Alembert did claim that the " force of motion " could only be measured by the effect produced by the moving body and that several different effects can be measured. As a result the " force of motion " must be an ambiguous term. But d'Alembert qualified his conclusion by showing a marked preference for momentum over vis viva. In retarded motion the " total resistance " to the moving body is best measured by the sum of the resisting forces multiplied by the infinitesimal intervals of time that they are applied to the moving body. The " sum of the resistances " is proportional to the change in momentum (fF dt == fm dv). D'Alembert believed this was a better measure than the "number of obstacles overcome " since it is the " sum of the resistances" and not the number of obstacles that stops the moving body.6
Two fundamental ideas in d'Alembert's philosophy of mechanics caused him to declare the vis viva controversy a dispute of words and, at the same time, to prefer the concept of momentum to that of vis viva. In the first place, d'Alembert rejected the concept of force altogether in his mechanics. 4 Ibid., p. xxix. He claimed that the only mechanical phenomena observed in the world are matter and its motion. Forces are the " obscure and metaphysical" inventions of philosophers:
All we see distinctly in the movement of a body is that it-crosses a certain space and that it employs a certain time to cross it. It is from this idea alone that one should draw all the principles of mechanics when one wishes to demonstrate them in a distinct and precise manner; thus it is not surprising that I have kept away from motive causes to consider only the motions they produce ... we have no precise and distinct idea of the word force unless we restrict this term to express an effect . . . the question of the measure of forces is entirely useless in mechanics and even without any real object.7
Therefore the " force of a body in motion " had no meaning for d'Alembert. By " force'" we refer only to the effect that a body produces when it collides with some other object, and this effect depends on the object struck as well as the moving object. If different " effects " are measured, one is bound to get different expressions for the causes producing those effects, and to this extent the controversy over the force of motion is a semantic quibble. But d'Alembert did not explain satisfactorily why different measures are obtained in different circumstances, and his statement that both methods are valid because both give the correct answer is certainly not a complete solution to the problem. D'Alembert also preferred momentum to vis viva because in his general system of mechanics momentum is conserved while vis viva is not. He believed that the elements of matter consist of small, hard, Newtonian particles.8 Whenever perfectly " hard " particles collide there must be an instantaneous change in velocity. Moreover " hard " particles do not rebound because they have no " springiness "; all relative motion between them ceases immediately upon collision. Momentum is conserved in all cases, of course, but not vis viva since energy is lost in the case of inelastic impact. Only in those problems where " hard " particles change their velocities gradually in a continuous fashion will the conservation of vis viva hold and so d'Alembert limits its use to this particular case. It is a valuable mathematical device for solving a special class of problems, but it cannot be a fundamental and general law of mechanics.
In the development of his mechanics d'Alembert consistently followed his belief that the laws of dynamics can be derived from purely geometrical considerations of impenetrable extension. Since he denied the existence of forces, he could only explain problems in statics by the equilibrium between " virtual momenta." Two bodies are in equilibrium when the products of their masses and " virtual velocities " are equal in magnitude and opposite -in direction.9 Therefore d'Alembert tried to use the dynamic concept of momentum in treating equilibrium conditions of simple machines, and a confusion between energy and momentum was the inevitable result. He was guilty of this very elementary error in his article " Perpetuel" for the Encyclope'die. The multiplication of force in a machine cannot produce perpetual motion because " Whatever is gained in power [puissance] is lost in time; so that the quantity of movement [that is, the momentum] remains always the same . . . thus the virtual quantities of movement of these two bodies will be the same and consequently there should be nothing surprising in their equilibrium." This is a ghastly error. One might hope that d'Alembert wrote his article in a hurry and that he actually knew better than to make such an elementary slip, but since he never wrote a treatise on simple machines, it is difficult to find other statements to compare with this one. Several of his close associates did write such treatises, however, and they committed the same error with regularity.
The Abbe Charles Bossut went to great lengths to describe what he meant by a moving force. It is measured by the product of the mass and the velocity of the moving body. Now we have a fixed and determined moving force [momentum] which can be used to overcome a certain resistance, or what amounts to the same thing, to elevate a certain load [fardeau]. The quantity of movement will always be the same whatever means are employed to transmit it to the load being treated. Vainly we multiply the levers and wheels of our machine.... If they increase the exertion [fardeau] they diminish its velocity in the same ratio; if, on the contrary, they increase the velocity, it is at the expense of the mass.10
Notice the indiscriminate use of weight and mass. Bossut confused power (Fv) and momentum (mv) at a place where he was striving for precision and clarity in his textbook. No inadvertence this time -he just did not understand the difference between work and momentum.
Another of d'Alembert's friends at the Academy, lttienne Bezout, an expert on applied mechanics and author of a textbook for the French military academies, involved himself in even greater absurdities.1l Bezout attempted to work out a complete theory of machines which would allow comparison of the " work " done by different agents, for example, a man turning a crank and a horse walking on a treadmill. According to Bezout the effort of a man supporting a weight is " equal to the quantity of movement I The notion of "virtual velocities " was confused in the 18th century. Bernoulli used the term to refer to virtual displacements in his famous Law of Virtual Velocities, but d'Alembert took " virtual velocity" to mean the velocity with which an object "tends to move" or " the velocity it would take in the first instant" if it were free to move. See his TIraite' de dynamique, p. xxix, and his articles "Force " and " 1 quilibre " in the Encyclopedie. which results from the mass of the body multiplied by the velocity that the weight gives it in an instant; it is clear, however, that if this man were capable of only this effort, the equilibrium would last only an instant; because at the second instant the weight renews the action destroyed in the first instant." 12 At each instant momentum is " absorbed " by the weight and this momentum must be provided by the man supporting it. Thus the effort of the man is measured by the " virtual momentum " transferred to the weight. This turns out to be what we now call impulse, or fF dt J f d(mv); the effort is equal to the force multiplied by the time during which that force is exerted. In the following section Bezout applies this measure to simple machines. He loses himself in a maze of measurements and calculations which obscure the fact that according to his measure of effort, the worker is accomplishing just as much by leaning on the handle of his machine as when he turns it to lift a heavy weight! He measures the input of the machine by impulse (F dt) rather than by work (F dx), which leads him to many absurd conclusions. Far from removing the clouds of confusion from the vis viva controversy, d'Alembert's rational mechanics led many of his successors astray. He made a genuine contribution when he pointed out that it was futile to argue about the force of a moving body without considering the effects that it could produce, but his assumption of perfectly hard particles composing matter and his rejection of forces led to even further confusion. d'Alembert. His favorite demonstration was to let heavy balls or cylinders fall on a soft material such as clay or wax and then compare the depressions produced. If they were identical, it could be assumed that the falling objects had struck the clay surface with the same " force." Similar experiments had been performed earlier by Mariotte and Poleni; 14 but 'sGravesande took a more active part in the controversy than either of them. In 1720 he published his enormously successful Mathematical Elements of Natural Philosophy. After praising this excellent exposition of Newton's philosophy, the English mathematicians were dismayed to see 'sGravesande turn to defend Leibniz' theory of vis viva in an article entitled " Essai d'une nouvelle theorie sur le choc des corps," wlhich appeared in 1722 in the Journal litteraire de la Haye, a journal that 'sGravesande had founded in 1713. In his Mathematical Elements of 1720, 'sGravesande had described how the " actions of powers " to overcome obstacles are to be measured. " When both the spaces run through and the intensities are different, the actions of the powers are to one another in a ratio compounded of the intensities and the spaces gone through." 15 He immediately applied this law to simple nachines, but did not use it in his experiments on collision. Although 'sGravesande had not yet accepted Leibniz' measure of the force of motion, he had stated categorically by 1720 that the " actions of powers " are to be measured by the products of the impressed forces and the distances traversed.
The crucial experiment which caused 'sGravesande to change his m'ind and join the supporters of vis viva was essentially the same as that performed by Poleni. He let bodies of different mass but of the same shape fall on clay. The imprints were found to be the same when the heights of fall were in inverse proportion to the masses. By Galileo's law of free fall, the heights of fall were in proportion to the squares of the velocities. Therefore the imprints in the clay were identical when the balls striking the clay had the same vis viva. If we can believe 'sGravesande's biographer, Jean Allamand, who-described this experiment, 'sGravesande said, " Ah, c'est moi qui me suis trompe'," and immediately began a series of experiments to clarify his new position.16 'sGravesande realized earlier than d'Alembert that the term " force of motion" was ambiguous since the only real measures of this " force" are the effects that it can produce. In a collision, however, there are measurable effects and the " force of motion" should have real meaning.
As regards the term "force," I will try to expose the ambiguity of this word, as well as in the word "movement"; it will be seen that there is more misunderstanding than real difference among those who argue about the measure of force and . . . [ In 1722, 'sGravesande described one very interesting experiment that put him on the track of the correct explanation. When two inelastic spheres moving in opposite directions collide, all motion will be destroyed in the impact if their masses are inversely proportional to their velocities. Since the momenta of the spheres are equal in magnitude and opposite in sign, they add up to zero and the conservation of momentum holds. But if the " forces of motion " of the two spheres are measured not by the momentum, but by the mass times the square of the velocity, one has to admit that they collide with different " forces." The ball with the smaller mass and greater velocity has a larger vis viva; and yet this case seems to be an obvious example of equal " forces " destroying each other. The " effect" observed is clearly proportional to the momentum and not to the vis viva of the colliding balls. But 'sGravesande was able to demonstrate that the " forces " are indeed different by allowing two similar copper balls of unequal masses to strike a fixed clay ball. The apparatus was arranged so that the balls struck the clay with the same momentum in each case; but the lighter ball with the higher velocity made a much deeper impression in the clay. By a series of similar experiments, he showed that two different effects can be measured in an inelastic collision -the changes in the velocities of the bodies and the compressions of the colliding bodies -and that one of these effects is proportional to the simple velocity, while the other is proportional to the square of the velocity. Therefore he distinguished between the " force " and the " inertia " of objects in collision: ". . . in order for two unequal bodies to remain at rest after a collision, their forces must necessarily be unequal. This experiment can be explained by assuming that 'force' and 'inertia' are different from each other; and this experiment clearly shows the distinction." 18 " Force " should be measured by the compressions of the colliding bodies and " inertia " should be measured by the changes in their velocities. 'sGravesande was unwilling to discard either measure of the " force of motion " and said that the law of equality between action and reaction holds for two actions and two reactions. Mme. du Chatelet described this experiment and 'sGravesande's analysis very fully in her Institutions de physique, since it allowed her to defend what appeared to be the weakest point in the theory of vis viva.19
Another puzzling theoretical problem that was used to argue against vis viva concerned accelerated motion. If an object is accelerated uniformly by a constant force, equal amounts of momentum are produced in successive equal intervals of time. But the same is not true for the vis viva. If the " force of motion" is measured by the product of the mass and the square of the velocity, the amount of " force" required to produce any increase in 17 
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velocity depends on the initial velocity of the moving body. For example, a body gains more vis viva in being accelerated from 10 to 15 feet/second than in being accelerated from 5 to 10 feet/second, even though the applied force and the time of acceleration is the same in both cases. This result appears paradoxical at first and it provided one of the major criticisms of the vis viva theory. Newton insisted that this result alone invalidated the theory of vis viva.20 He argued that since the " force of motion " of a falling body is produced by its weight, increasing amounts of " force " can be produced in successive intervals only if the weight increases proportionately, which is absurd. In attempting to explain the paradox, 'sGravesande analyzed the loss of "force " in inelastic collisions. In this case more vis viva is lost in the first moments of deceleration than in the later moments, even though the decelerating force remains uniform. 'sGravesande's explanation was written in answer to criticisms by the Swiss mathematician Calandrin. In 1733 an extract from Poleni's Epistolae mathematicae was published in the Journal historique de la republique des lettres.2' Poleni had dropped balls onto tallow to compare impacts and had shown that the " force of motion" is proportional to the square of the velocity -essentially the same experiment that 'sGravesande had performed. In the same volume Calandrin published an anonymous article countering Poleni's interpretation.22 He analyzed the problem in the following way. If a cylinder strikes a clay surface, the resistance of the clay will always be the same because the same area is in contact with the cylinder at all times. Since the resistance is constant, equal amounts of " force " should be consumed in equal units of time. Therefore "the times during which two forces act on tenacious material until these forces are destroyed will always be proportional to these forces." 23 Thus Calandrin insisted that the " force"'' lost was proportional to the change in momentum.
'sGravesande replied to Calandrin's article with some misgivings. He had been subjected to a scathing attack by Samuel Clarke five years before, and he was hesitant to involve himself in any similar polemics. of the nature of forces in a collision. He agreed that if a cylinder strikes a clay surface, the resistance of the clay should be uniform (which is incorrect, but this does not affect the argument); but he denied that equal amounts of " force " are consumed in equal times. The cylinder is moving faster when it first strikes the clay and consequently it pushes more clay out of the way during the first instant than during any later instant. If the resistance of the clay is likened to a series of strings that are broken by a moving object, more strings are broken per unit of time while the object is moving rapidly than in an equal unit of time when the object is moving more slowly. " It can be seen that in order to compare the efforts of two pressures in equal times, it is necessary to take into account both the pressure and the speed of the points or surfaces being struck; and it is only by multiplying the intensity by this speed that one is able to determine the effort." 25 In modern terminology, the " intensity of the pressure " is the force and the " effort of the pressure " is the power, or the work done per unit of time. In other words, to get the effect of the " force of motion," it is not enough to consider the force-alone. It is also necessary to multiply it by the velocity with which the object moves, since the faster it moves, the more obstacles it will encounter if the resisting medium is uniform. 'sGravesande continues: When a cylinder enters into a soft body and loses its force, the tenacity of the parts of that body remains the same; and since the same surface is acting, it is always the same number of parts which resist, and the intensity of the pression is always the same, but the speed of the surface which presses and is pressed changes at every instant; as a result the efforts which destroy the force of bodies in the equal moments which follow are unequal, and proportional to the speeds. Thus they are proportiohal to the distances covered in equal times. Now the sum of all the efforts being equal to all the force lost, it follows that this force is proportional to the sum of all the little spaces covered, that is, which is proportional to the square of the velocity.26 'sGravesande is saying that the " force of motion" is the " intensity of the pressure" multiplied by the increment of time and by the velocity, or Pv dt; but v dt dx (the increment of distance covered in the time dt), so fpv dt fp dx kv2. Since 'sGravesande believed that collisions are never instantaneous, but take place in a continuous manner by gradual deformation of the colliding bodies, he could compare the " effort" of an object in collision to the " effort " in a simple machine. In a simple machine, a small weight may counterbalance a much heavier weight if the small weight moves proportionately faster when the machine is set in motion. In collisions and in simple machines, the velocities of the moving objects during the action are all-important.
In the article by Calandrin and in 'sGravesande's reply, the point of confusion was clearly exposed. 'sGravesande admitted that when the 25 "tenacity" is constant the decrease in velocity is proportional to the time. But the "efforts " exerted by the resisting medium are different during different time intervals of equal duration. However, 'sGravesande was not dogmatic about his theory. He realized that those who measured the force of motion in another way were measuring a different thing and he concluded hlis article by saying again that the word " force " is ambiguous: " Let someone give another sense to the word 'force'; let him say that this other sense is more natural. I do not oppose that; all I wish to insist on is that what I call force ought to be measured by the product of the mass and the square of the velocity. By regarding force in another way, one can admit of another measure." 27 The work of 'sGravesande was largely experimental, but other scientists attempted to untangle the conflicting points of view in a more theoretical manner. One of the most interesting studies of vis viva was by the Jesuit scientist Roger Boscovich. Boscovich also claimed that the vis viva controversy was a " dispute of words," and he demonstrated the difference between the effects of momentum and vis viva using a geometrical diagram.28 His argument was similar to that given by 'sGravesande. When the force decelerating a moving object is plotted against the time, the area between the curve and the time axis represents the change in momentum produced. But when the force is plotted against distance, the area represents the change in vis viva. Although Boscovich's geometrical treatment of the problem was significant, his theory of matter was far more important. The equivocal concept of " force of motion " was becoming more apparent through the works of d'Alembert, 'sGravesande, and Boscovich himself, but the law of conservation of vis viva was still a subject of dispute.
If vis viva is always conserved, there can be no perf&ctly hard bodies in the universe and all changes in velocity must take place continuously. Until an acceptable theory of matter excluding the collision of hard particles was available, the conservation of vis viva could not become a general theory of mechanics. The first really satisfactory model permitting the conservation of vis viva was the system of mass points which Boscovich elaborated at great length in his Philosophiae naturalis theoria (1758 Boscovich would have had theological as well as physical reasons for denying the existence of an active force in matter since such an interpretation smacks of Spinozism. But in addition to denying that vis viva was an active agent in matter, he also rejected it as a valid measure of the " force of motion." Although he had shown in the De viribus vivis that the force of motion can be measured proportional to either the velocity or the square of the velocity, depending on whether the " pressure." is integrated over the time or over the distance of application, Boscovich believed that momentum was the " real" measure of force and that the use of vis viva was valid only as a method for computation.
The conservation of momentum was clearly understood and accepted by Boscovich: " The quantity of motion in the Universe is maintained always the same, so long as it is computed in some given direction in such a way that motion in the opposite direction is considered negative, and the sum of the contrary motions is subtracted from the sum of the direct motions." 30 This was the only conservation principle that Boscovich would accept. Leibniz had felt the necessity for some conservation principle that would prevent the world from " running down " like a watch in need of an occasional winding. Conservation of momentum could no longer satisfy this need when expressed as a vector quantity because hard bodies in collision can lose all their motion although the total momentum does not change. In writing the Theoria, Boscovich was apparently unconcerned about the possibility of the universe " running down," and he made no attempt to prove that motion in his system would never be totally lost. However, he did treat the closely allied problem of the composition and resolution of forces. He believed he had caught the defenders of Leibniz in an error and wrote a rather confused section of the Theoria where he tried to prove that no " force of motion " is contained in a moving body or transferred to another body by impact. The only forces are those mutually acting " dead forces" that arise when bodies collide. Nothing is passed from one body to the next and no active force or vis viva exists in a moving object. He could not deny that the quantity mV2 is conserved in elastic collisions, but he did deny that this quantity represented any real thing. All Boscovich's demonstrations in the Theoria against vis viva involve the collision of gross bodies, and he made no reference to his new theory of matter in these arguments. But when he turned to the exposition of his theory he unconsciously provided a plausible explanation for the conservation of vis viva, while he vigorously argued at the same time against its existence. One of the most obvious criticisms of Leibniz' law of the conservation of vis viva is the frequency with which it seems to be violated. Vis viva is destroyed in inelastic collisions, but Leibniz had enough faith in his theory to postulate that the motion was retained in the parts of the body.
'Tis true, their wholes lose [some force] with respect to their total motion; but their parts receive it, being shaken [internally] by the force of the concourse. And therefore loss of force is only in appearance. The forces are not destroyed, but scattered among the parts. The bodies do not lose their forces; but the case here is the same as when men change great money into small.31
Since Leibniz did not believe in action at a distance, he assumed that bodies in collision actually make contact; and to avoid the consequences of assuming perfectly hard particles he postulated an " infinitely fluid " matter containing no smallest parts. Boscovich, on the other hand, was led to his system by Leibniz' law of continuity which forbade any discontinuity in the velocity of a body in motion. Therefore, he denied any actual contact between the parts of matter and, as a result, he was able to simplify the meaning of " force." In Boscovich's theory, impact, pressure, gravity, friction, chemical action, light -all were explained by the motion of point mnasses moving in a force field. Action at a distance was the only force acting in his system. According to Boscovich all matter is composed of nonextended mass points." These points exert forces on each other which vary with the distance between them. At very short distances there is a strong force of repulsion which increases to infinity as the points are brought closer together, preventing them from coming into contact. As the distance is increased, the force alternates between repulsion and attraction and finally follows the inverse square law of gravitational attraction for large separations. Boscovich illustrated his theory by his famous curve (Fig. 1) . At certain distances where the force changes from repulsion to attraction the mass points will be in stable equilibrium. Boscovich called these distances i points of cohesion " (marked C on the diagram) and he used them to explain cohesion and the structure of matter.
Such a theory provides a perfect explanation of how the motion of bodies in collision can be " absorbed by the little parts." If every body is composed of point masses, when the points are displaced -perhaps by a collisionfrom their " points of cohesion,"' they will be subject to a restoring force and will " oscillate about the limit point of cohesion which they had passed through; and this they will do first on this side and then on that, over and over again unless they are disturbed by forces due to other points outside them." 32 In a simple case, Boscovich realized that some external force is necessary to bring an end to the oscillations. In inelastic collisions, he believed that the particles are displaced until they are at new points of cohesion and in this way energy would be stored since the motion would be regained if the particles were to return to their original positions.
In Boscovich's famous curve, the ordinate represents force and the abscissa represents distance (see Fig. 1 
Boscovich even described how potential energy is released in a chemical reaction:
By a slight motion due to external points approaching close enough to [the material] to be capable of impressing a non-uniform motion on the points of the particles . . . all the points in an extremely short time will cross the limit and then they will fly off from one another with a huge repulsive force and a high velocity. This kind of thing is seen to take place in the sudden explosion of gunpowder, which . . . on contact with the smallest spark goes off almost at once, and with a great repulsive force drives out the ball from the cannon.34
It is surprising that Boscovich did not realize how well suited his theory was to explain the conservation of vis viva. Although the term vis viva originally referred only to the " force " of a moving body, it was well understood that vis viva could be " stored " in a compressed spring or in a weight elevated against gravity. that in his system vis viva is always conserved although it is frequently " stored " in the form of potential energy. There is no way in his system that energy can be lost in friction or in the collision of inelastic bodies since the points of matter never come in contact. Possibly he did realize this, but felt that the acceptance of Leibniz' mechanics would require the acceptance of his philosophy of active matter as well. In any case, Boscovich used the square of the velocity as a method for computation, but did not propose any more general conservation law for this quantity.36
It was in the explanation of gross phenomena that Boscovich was hampered by his refusal to accept the conservation of vis viva. He was hard pressed to explain why mechanical oscillations or chemical reactions ever cease. These are obvious signs of " activity" which disappear slowly and for no apparent reason. Boscovich believed the complex structure of matter could explain this phenomenon. He suggested that his points might be joined together into clusters to form grosser particles similar to the particles postulated by Newton. Using these particles he attempted a Gassendist explanation of the decrease of activity. Particles may be made of points arranged in such an order that the particles thus formed have " hooks." Such an explanation is merely dodging the question. In Boscovich's theory these spiral atoms are composed of mass points which have no hooks and the problem always reduces ultimately to one of forces acting at a distance.. His second explanation of decaying oscillations appeared in a description of elastic collisions. After elastic spheres collide, each sphere will return to its original form, then go beyond it, and finally oscillate. Boscovich at--tempted to explain why this oscillation will die down:
A tremor or oscillation will be produced, which will be gradually diminished and ultimately be destroyed, partly by the action of external bodies, just as the motion of a pendulum is stopped by the resistance of the air, and partly by the action of less elastic particles which are interspersed, which can gradually break down the oscillation by their friction, and also by contrary motions and a relapse by which they will change their own distribution The fermentation diminishes gradually, and at length ceases; . The irregularity of the particles, from which bodies are formed, and the inequality of the forces, especially contribute to the diminution and final stoppage of the motion. Thus when certain particles, or the whole of them enter cavities in larger particles, or when they insert their hooks into the hooks or openings of others, these cannot be disentangled, and certain relapses and compressions of the particles happen in a mass irregularly agitated, which diminish the motion and practically destroy it altogether; and due to this the motion even in soft bodies can be stopped after loss of shape. Also the roughness of the particles alone may do much toward diminishing and finally stopping the motion; just as the motion in a rough body is. stopped by friction. Impact with external bodies has a great effect, e.g. the air stops a pendulum. Much may be due to the emission of particles in all directions, as in evaporation; or when a body freezes, many igneous particles fly off by the action of the particles of the mass, impress a motion in the opposite direction on those as they move; and while those that had increased the oscillation, one after the other fly off, those that are left are such as were diminishing these oscillations by internal and external actions. Boscovich's reference to the loss of igneous particles is a partial acceptance of the conservation of " activity." As the most " active " particles leave the reaction the ones remaining have less activity on the average and the reaction dies down. Unfortunately Boscovich did not pursue this line of reasoning any further and he failed completely to recognize that vis viva is never lost in his system. In all these explanations, Boscovich made the mistake of dealing with the particles of matter as if they were gross bodies, subject to friction, impact, etc. Only his last suggestion concerning the loss of the most active particles is compatible with his theory. If he had stayed in the realm of points and forces, he might have been forced to the position of Leibniz and the conservation of energy. We must remember that in Boscovich's system there is only potential and kinetic energy. He explains light, heat, electricity, chemical reaction, and mechanical motion all in terms of forces and points. The question of " transforming" one kind of energy into another does not arise. The points and forces reduce all forms of energy or " activity " to one, just as they reduce all kinds of force to one. We can suppose that if Boscovich had been on the other side of the vis viva controversy, he would have followed the lead of Leibniz and the dictates of his own system which point directly to the conservation of energy.
The vis viva controversy was clearly more than a case of misunderstanding. Although the scientists of the eighteenth century were frequently arguing past each other, there were several important points of disagreement. The most important of these was the nature of matter. Once perfectly hard inelastic particles are admitted into physics, the conservation of vis viva becomes impossible, and momentum is the only quantity conserved in collisions. Also the concept of force was sufficiently obscure that d'Alembert rejected it from his mechanics altogether. Clearly d'Alembert was not the one to clear up the confusion over vis viva. The experiments of 'sGravesande revealed two different measurable " effects " in inelastic collisions. The changes in motion observed are proportional to the momenta of the colliding bodies, but the flattening of the spheres or the imprints which they make in soft objects are proportional to their vis viva. Two different effects are observed and two different things are being measured. The conservation of vis viva could be demonstrated theoretically only for idealized mechanical problems of perfectly elastic collisions or pendulums experiencing no friction. Nor was any satisfactory model available for the conservation of energy until Boscovich invented his famous system; and even then, Boscovich did not recognize the significance of vis viva in his theory. The law of conservation of energy had to wait until physicists of the nineteenth century discovered energy equivalents in a variety of phenomena and finally established the law on experimental evidence.
